Figure 1. Structure-Based Sequence Alignment of SET Proteins
The alignment includes (1) all known members of human SUV39 family: SUV39H1 (NP_003164), SUV39H2 (NP_078946), G9a (S30385), Eu-HMT1 (AAM09024), SETDB1 (NP_036564), and CLLL8 (NP_114121); (2) proteins (in bold) that have been shown to have HKMT activity from various species: N. crassa (Nc) DIM-5 (AAL35215), S. pombe (Sp) Clr4 (060016), A. thaliana (At) SUVH4 or KRYPTONITE (AAK28969), S. cerevisiae (Sc) SET1 (P38827) and SET2 (P46995), human SET7 (XP_040150) and PR-SET7 (AAL40879); (3) three bacterial SET proteins: Xylella fastidiosa (Xf) SET (AAF84287), Bradyrhizobium japonicum (Bj) SET (Q9ANB6), and Chlamydophila pneumoniae (Cp) SET (AAD19016); and (4) human EZH2 protein, which appears inactive in vitro (Rea et al., 2000) . The residue number and secondary structural elements of DIM-5 (helices A-J and strands 1-17) are shown above the aligned sequences. Dashed lines indicate disordered regions. The color coding is light blue for the N terminus (residues 25-62), yellow for the pre-SET (residues 63-146), green for the SET (residues 147-236 and 248-277), magenta for the signature motifs (SET residues 237-247 and 278-285), and gray for the post-SET (residues 299-308). The amino acids highlighted are invariant (white against black) and conserved (white against gray) among almost all members of the SUV39 family. The number in parentheses indicates the number of amino acids inserted relative to the alignment. The lowercase letters above the sequences indicate the structural/ functional role of the corresponding DIM-5 residues: "h" indicates intramolecular hydrophobic interaction, "n" indicates intramolecular nonhydrophobic (polar or charge) interaction, "z" indicates zinc coordination, asterisk indicates structural residue Gly or Pro, and "s" indicates surface-exposed residues potentially important for cofactor or substrate binding or catalysis. The red circles mark the residues that were mutated in this study.
Results and Discussion
26.9 Å 2 ), 3 zinc ions, and 103 water molecules, with rms deviations of 0.008 Å and 1.5Њ from ideality for bond lengths and angles, respectively.
Overall Structure of DIM-5
We used recombinant DIM-5 protein (residues 17 to 318
Our structural determination on DIM-5 allowed us to perform a structure-guided sequence alignment of SET of Protein Data Bank accession number AF419248) for crystallographic studies (see Experimental Procedures).
proteins ( Figure 1 ) that includes human SUV39 family proteins, all verified active HKMTs reported so far, and Electron density maps were calculated using multiwavelength anomalous diffraction data from three intrinsic three bacterial SET proteins. The 318 residue DIM-5 protein is the smallest member of the SUV39 family. It zinc ions (Table 1) The DIM-5 protein is a very active HKMT in vitro. We residues that are grouped into two segments of five and four cysteines separated by various numbers of amino noticed several rather unusual properties of DIM-5. (1) Under our laboratory conditions, the enzyme is most acids (46 in DIM-5). These nine cysteines coordinate three zinc ions to form an equilateral triangular cluster active at ‫01ف‬ЊC and nearly inactive at 37ЊC ( Figure 3A) .
(2) DIM-5 is extremely sensitive to salt, e.g., 100 mM ( Figure 2C ). Each zinc ion is coordinated by two unique cysteines (six total), and the remaining three cysteine NaCl inhibited its activity about 95% ( Figure 3B ). (3) The enzyme has a high pH optimum. DIM-5 showed maximal residues (C66, C74, and C128) are each shared by two zinc atoms, thus serving as bridges to complete the activity at ‫ف‬pH 9.8 ( Figure 3C pairs with D35; and the guanidino group of R238 is surrounded by three aromatic rings, F43, F239, and Y204, pocket, sitting above the antiparallel strands ␤5 and ␤6 and against the short helix ␣J (Figure 2A ). This environand its two terminal nitrogen atoms (N⑀ and N2) form hydrogen bonds to the main chain carbonyl oxygen ment may contribute to its flexibility or allow multiple conformations in the absence of substrate. The flexibility atoms of G230 and E231, respectively (Figure 4) . We made conservative substitutions for several of may also result from low pH during crystallization (pH 5.4-5.6), a condition in which no UV crosslinking of Adothe residues surrounding this density: R155H, W161F, Y204F, and R238H (see Experimental Procedures). The Met to the protein was observed ( Figure 3D ). At low pH the adenine ring might not interact stably enough with enzymatic activities of all the mutants were reduced ranging from a 75% reduction (W161F) to nearly inactive DIM-5 to be crosslinked to the protein or observed in the structure.
(R238H) ( Figure 3E ). The ability of these mutants to bind AdoMet, as measured by crosslinking, was also reduced The significance of this density is further enhanced by the highly conserved residues with which it is surbut not abolished ( Figure 3F ). It appears that the reduced AdoMet binding alone could account for the reduction rounded. Two conserved arginines (R155 of ␤5 and R238 of ␣J) and three aromatic residues (W161, Y204, and in HKMT activity for the R155H, W161F, and Y204F mu- , no acidic residue is of the two residues proposed to be involved in proton elimination, H242K and D282N, abolished and reduced immediately present in the proposed active site of DIM-5. Nevertheless, the combination of the negative HKMT activity, respectively. As expected, both mutants retained AdoMet crosslinking, though at reduced levels dipole moment at the carboxyl end of helix ␣J (R238 and F239), the negatively polarized main chain carbonyl ( Figure 3F ). The complete loss of AdoMet crosslinking in N241Q and Y283F mutant proteins is somewhat unexoxygen atoms (I240 and W161), the side chain hydroxyl oxygen atoms of Y178, Y204, and Y283, and the asparapected. For N241Q, perhaps the longer glutamine side chain prevents the two hydrogen bonds forming begine oxygen atom of N241 might increase the nitrogen electron density enough to allow a nucleophilic attack tween the side chain amino group of N241 and both the backbone carbonyl of W161 and the side chain of E278 on the AdoMet methylsulfonium group. The proton elimination step in conjunction with the methyl transfer is (Figure 4) . Interrupting the W161-N241-E278 interactions probably disrupts local structure, having a more likely accomplished through a charge relay system involving H242 and D282, much as in protein arginine deleterious effect than the replacement of side chain in the W161F mutant. It is also possible that both N241 MTases (Zhang et al., 2000) .
One observation consistent with this mechanism is and Y283 interact with the adenine ring of AdoMet, which is likely involved in the UV crosslinking, although not the unusually high optimal pH ‫)01ف(‬ of DIM-5 ( Figure  3C ished DIM-5 activity, the protein still retained approxithree conserved cysteine residues that appear to be mately three (2.9) zinc ions ( Figure 6A ). As the triangular essential for HKMT activity in the SUV39 family. Changzinc cluster is quite stable, it is conceivable that the ing all three cysteines to serines (3C-S) abolished DIM-5 chelated zinc was coordinated by the three post-SET activity ( Figure 3E ), as did a Cys to Tyr substitution at cysteines and C244 (yellow in Figure 5A ), which is near C1279 in SETDB1 ( residues (17-24) (these may not be present in the native DIM-5 histone were saturating. For some reason, the relatively crude Sigma protein as there is an in-frame splicing site immediately after these H4524 histone preparations generally gave 2-to 4-fold higher incorresidues); residues 89-99 of the pre-SET domain (these are deleted poration than either the Roche preparations or the recombinant in many of the SUV39 proteins) (see Figure 1) ; and the majority of histones.
the C-terminal 34 amino acids (the C terminus is also highly variable in length and sequence among SET proteins except for the threeAdoMet Binding Assay by UV Crosslinking Cys post-SET region). Among the nonglycine and nonproline resiTwenty microliters of purified DIM-5 protein (2-5 g) was incubated dues, 86% are in most favored and 14% in additional allowed regions with 0.5 Ci of [methyl-3 H]AdoMet (78 Ci/mmol, NEN NET155H) of a Ramachandran plot (Laskowski, 1993). overnight at 4ЊC. Samples were added to a 96-well plate on ice and placed 8 cm from an inverted UV transilluminator (VWR, 302 nm) for 1 hr. The protein was then separated by SDS-PAGE, stained
